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Hybrid organic-inorganic halide perovskites have emerged as a disruptive new class of
materials, exhibiting optimum properties for a broad range of optoelectronic appli-
cations, most notably for photovoltaics. The first report of highly efficient organic-
inorganic perovskite solar cells in 2012 (Lee et al., 2012) marked a new era for pho-
tovoltaics research, reporting a power conversion efficiency of over 10% (NREL, 2017).
Only five years after this discovery, perovskite photovoltaic devices have reached a certi-
fied efficiency of 22.7%, making them the first solution processable technology to surpass
thin film and multi-crystalline silicon solar cells (NREL, 2017). The remarkable devel-
opment of perovskite solar cells is due to the ideal optoelectronic properties of organic-
inorganic lead-halide perovskites. The prototypical compound, methylammonium lead
iodide, CH3NH3PbI3 (Stranks and Snaith, 2015) is a direct band gap semiconductor
with a band gap in the visible, high charge carrier mobility, long diffusion length and
low excitonic binding energy (Johnston and Herz, 2016). Due to these ideal properties,
CH3NH3PbI3 is also drawing interest across many other applications beyond photo-
voltaics, such as light emitting devices (Tan et al., 2014), lasers (Wehrenfennig et al.,
2014), photocatalysts (Chen et al., 2015) and transistors (Ward et al., 2017). The con-
tinued progress of metal-halide perovskite optoelectronics relies not only on a detailed
understanding of the electronic and optical properties of materials in this class, but also
on the development of practical strategies to tune their properties by controlling param-
eters such as chemical composition. In this context, ab initio computational modelling
can play a key role in providing a physical interpretation of experimental measurements,
and guiding the design of novel halide perovskites with tailored properties. In this chap-
ter we will present an account of the contributions to this fast developing field of research
from our computational modelling group. The chapter is organized in two sections. The
first section focuses on the structural and optoelectronic properties of CH3NH3PbI3.
Here, we expand on some of the challenging aspects of modelling the electronic and vi-
brational properties of CH3NH3PbI3, and discuss the main theoretical results alongside
experimental data. The second section discusses the recent computationally-led mate-
rials design of novel halide perovskites, and the principal challenges in replacing Pb2+
in CH3NH3PbI3 by non-toxic elements.
I. METHYLAMMONIUM LEAD IODIDE
Methylammonium lead-iodide, CH3NH3PbI3, belongs to
the ABX3 perovskite structural family (Poglitsch and
Weber, 1987). As shown in FIG. 1, the Pb2+ and I−
ions form a three-dimensional network of corner-sharing
octahedra. The organic CH3NH
+
3 cations occupy the
center of the cuboctahedral cavities enclosed by the
inorganic PbI6 network (Poglitsch and Weber, 1987).
∗ feliciano.giustino@materials.ox.ac.uk
The crystal structure of CH3NH3PbI3 is strongly depen-
dent on temperature and undergoes two phase transi-
tions (Baikie et al., 2013; Poglitsch and Weber, 1987;
Stoumpos et al., 2013; Weller et al., 2015): from the low
temperature orthorhombic Pnma structure to the tetrag-
onal I4/mcm structure at 160 K, and the cubic Pm3¯m
structure at 315-330 K. As shown in FIG. 1, all phases of
CH3NH3PbI3 maintain the corner sharing connectivity of
the PbI6 octahedra, however the degree of octahedral tilt-
ing is reduced as the temperature increases. In addition,
the organic CH3NH
+
3 cations exhibit ordered orientations
throughout the unit cell only in the orthorhombic phase,
while in the tetragonal and cubic phase the cations are
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2FIG. 1 Temperature dependent crystal structure of CH3NH3PbI3. Polyhedral representation of the low temperature
orthorhombic Pnma structure (a), the tetragonal I4/mcm structure (b) and the cubic Pm3¯m structure (c). In all three panels
the Pb atoms are represented by the light blue spheres at the center of the octahedra, the I atoms are the red spheres at the
corners of the octahedra, and the C, N and H atoms are represented by the dark grey, dark blue, and white spheres, respectively.
The figures were constructed using the lattice parameters and atomic positions reported by (Weller et al., 2015).
orientationally disordered (Baikie et al., 2013; Poglitsch
and Weber, 1987; Stoumpos et al., 2013; Weller et al.,
2015).
The excited state properties of CH3NH3PbI3 have been
intensely investigated over the last five years. The op-
tical absorption spectrum of CH3NH3PbI3 is character-
istic of a direct band gap semiconductor (Herz, 2016),
with a sharp absorption onset around 1.6 eV. At low
temperature, the optical absorption spectrum exhibits
an excitonic peak, with an exciton binding energy of
∼20 meV. This feature becomes less visible as the tem-
perature increases (D’Innocenzo et al., 2014; Herz, 2016;
Miyata et al., 2015). In addition, the absorption line-
shape at room temperature exhibits an Urbach tail of
15 meV (De Wolf et al., 2014), unexpectedly low given
the disordered character of the CH3NH
+
3 cation. The
optical band gap of CH3NH3PbI3 increases with temper-
ature from 1.62 eV at 4 K to 1.67 eV at 160 K. At the
phase transition temperature between the orthorhombic
and tetragonal phase, 160 K, the band gap decreases
sharply to approximately 1.58 eV, and then continues to
increase beyond this temperature, as in the orthorhombic
phase (Milot et al., 2015).
Free electrons and holes dominate over bound exciton
pairs upon photoexcitation, an ideal characteristic for ap-
plication in solar energy conversion (D’Innocenzo et al.,
2014; Herz, 2016). The photogenerated charge carriers
are long lived in CH3NH3PbI3 and exhibit charge car-
rier mobilities of approximately 35 cm2(V s)−1 (Johnston
and Herz, 2016) at room temperature. Bimolecular re-
combination in CH3NH3PbI3 is found to be the predomi-
nant mechanism for charge carrier recombination at stan-
dard photovoltaic device operation conditions, exhibiting
a highly non-Langevin behavior (Herz, 2016; Johnston
and Herz, 2016). This means that the ratio between the
bimolecular recombination rate k2 ∼ 10−10 cm3s−1 and
the charge carrier mobility µ ∼ 10 cm2V−1s−1 is four
orders of magnitude lower than the value e/(0r) pre-
dicted by the Langevin model (Herz, 2016; Wehrenfen-
nig et al., 2014). This effect explains the long charge
carrier diffusion lengths (∼ 1µm) measured for halide
perovskites (Herz, 2016).
The band gap of CH3NH3PbI3 can be tuned via chem-
ical substitution (Herz, 2016). The replacement of the
CH3NH
+
3 cation with CH(NH2)
+
2 (formamidinium), Cs
+
or Rb+ leads to a change in the optical band gap over a
range of 0.3 eV (Eperon et al., 2014; Filip et al., 2014);
the substitution of Pb2+ by Sn2+ reduces the band gap by
approximately 0.4 eV (Hao et al., 2014) and the replace-
ment of I− by the smaller anions Cl− and Br− blue-shifts
the optical band gap by up to 0.7 eV (Comin et al., 2015;
Noh et al., 2013). In practice, mixed cation, mixed metal
and mixed halide perovskites are currently explored in
order to optimize light absorption over the entire visible
spectrum, but also to improve the stability of perovskite
solar cells (Eperon et al., 2016; McMeekin et al., 2016;
Saliba et al., 2016).
Theoretical investigations of the fundamental structural,
electronic and vibrational properties of CH3NH3PbI3
have played an important role in the interpretation of
the experimental data summarized above. In the follow-
ing we discuss some of the theoretical results obtained by
us and our coworkers in the study of CH3NH3PbI3.
A. Basic Electronic Structure of CH3NH3PbI3
To construct the electronic band structure of
CH3NH3PbI3 it is necessary to know the lattice
parameters and the atomic positions for the perovskite
unit cell. For the low-temperature orthorhombic phase,
the unit cell was fully resolved for the first time by
(Baikie et al., 2013). The unit cell contains four PbI6
octahedra and four CH3NH
+
3 cations, 48 atoms in total,
3FIG. 2 Electronic structure and band gap tunability of CH3NH3PbI3. a. Projected density of states of CH3NH3PbI3
calculated within the local density approximation to density functional theory (DFT/LDA) without spin-orbit coupling for the
orthorhombic crystal structure. The bands are aligned to the valence band top (VBT) represented by the dotted line. Adapted
with permission from (Filip et al., 2014), Copyright (2014) Nature Publishing Group. b. Two-dimensional map of the DFT
band gap as a function of the apical and equatorial bond angles. The band gaps for each point of the map were calculated for
Platonic model structures, as described by (Filip et al., 2014), that do not contain the A-site cation, as shown in e. The white
disks represent the angular coordinates (apical and equatorial bond angles) of realistic models of CH3NH3PbI3, CH(NH2)2PbI3,
CsPbI3 and RbPbI3. Adapted with permission from (Filip et al., 2014), Copyright (2014) Nature Publishing Group. c - d.
Wave functions corresponding to the valence band top (c) and the conduction band bottom of a lead-iodide perovskite (d). e.
Polyhedral representation of the Platonic model for the orthorhombic perovskite structure. The apical and equatorial bond
angles are represented by the red lines in the figure.
arranged according to the Pnma space group.
In the tetragonal and cubic phases, the unit cell con-
tains four and one PbI6 octahedra, respectively, and the
shape of the inorganic octahedral networks are well de-
scribed (Stoumpos et al., 2013; Weller et al., 2015) by the
space groups I4/mcm and Pm3¯m, respectively. At vari-
ance with the inorganic scaffold, the organic cations have
a disordered orientation inside the perovskite cavity, in
the tetragonal and cubic phases, and pose difficulties for
any electronic structure calculation that employs periodic
boundary conditions. For example, structural relaxation
of the unit cell starting from arbitrary orientations of
the CH3NH
+
3 cations leads to significant distortions of
the unit cell and considerable changes to the electronic
band structure that are highly dependent on the choice of
the orientation (Motta et al., 2015). This effect is purely
an artefact of the chosen orientation of the cation, and
bears no physical meaning.
To ensure that we can obtain meaningful results of the
electronic properties of CH3NH3PbI3 we have two op-
tions. One approach is to simulate the disordered orien-
tation of the CH3NH
+
3 by averaging over its many pos-
sible orientations. This approach is best addressed us-
ing molecular dynamics (Carignano and Kachmar, 2015;
Lahnsteiner et al., 2016) and requires a careful study of
the size of the supercell in order to correctly represent
the disordered orientations of CH3NH
+
3 . The second ap-
proach relies on the general property of ABX3 perovskites
by which the A-site cations do not participate in bonds,
and as a consequence they only contribute to electronic
states far away from the band edges (Megaw, 1973). In
this latter approach, we can first calculate the electronic
properties of CH3NH3PbI3 in the well known orthorhom-
bic phase. Then we can investigate how the change in the
shape of the inorganic octahedral network affects these
properties. In the following, we describe the latter strat-
4egy.
In FIG. 2a we show the projected density of states
of CH3NH3PbI3 in the low temperature orthorhombic
Pnma case. The valence band top is occupied by I-p and
Pb-s electrons, while the conduction band bottom is of
I-p and Pb-p character. As expected, the states localized
on the CH3NH
+
3 cation are located away from the band
edges (approximately 5 eV). Based on FIG. 2a we can
construct a tight-binding argument to explain the tun-
ability of the band gap by substitution of I anions or Pb
cations. The replacement of I by Cl or Br leads to an
increase in the band gap, due to the lower-lying Br-p and
Cl-p electronic states that populate the valence band top;
similarly, the substitution of Pb by Sn lowers the conduc-
tion band bottom and reduces the band gap due to the
lower-lying Sn-p states. In addition, from FIG. 1a, it is
clear that the CH3NH
+
3 cations do not contribute to the
optical absorption, and their role is to act as a structural
filler and to ensure the charge neutrality of the unit cell.
In practice, the CH3NH
+
3 cation can be replaced by a pos-
itive background charge, and the electronic band struc-
ture would not change significantly (Filip et al., 2014).
Taking advantage of this property, we can study how the
shape of the cuboctahedral cavity influences the elec-
tronic structure of the perovskite. (Filip et al., 2014)
showed that the unit cell of the perovskite lattice can
be uniquely described by a ‘Platonic’ model, whereby
the PbI6 octahedra are ideal and identical throughout
the lattice, and their orientation within the unit cell is
uniquely described by two angles: the equatorial and the
apical bond angles (FIG. 2e). FIG. 2b depicts the vari-
ation of the band gap with the two bond angles of the
‘Platonic’ perovskite lattice. The gap increases as the
bond angles decrease.
Two observations can be drawn from FIG. 2b. Firstly,
the size of the A-site cation in the perovskite lattice in-
fluences the shape of the octahedral lattice, by changing
the apical and equatorial bond angles, which in turn en-
ables the control of the band gap. This leads to the fol-
lowing simple trend: the smaller the cation, the smaller
the bond angles, the larger the band gap. The band
gap trend predicted in FIG. 2b is in agreement with the
trend observed experimentally, and explains the band
gap tunability with the substitution of the A-site cation
(Eperon et al., 2014; Filip et al., 2014). Secondly, based
on FIG. 2b we can explain the discontinuity in the band
gap dependence on temperature observed at the transi-
tion temperature of 160 K (Milot et al., 2015). When
the CH3NH3PbI3 transitions from an orthorhombic to
a tetragonal phase, the apical bond angle increases from
160◦ to 180◦. According to the map in FIG. 2b, the band
gap should decrease by up to 0.2 eV, in good agreement
with the sudden drop of 0.1 eV measured around 160 K.
The core conclusion that can be drawn from FIG. 2a is
that the fundamental roles of the organic cation CH3NH
+
3
in the lead-iodide perovskite lattice are to balance the
charge, and to stabilize the shape of the perovskite lat-
tice. Therefore, in order to ensure that we are studying a
physically meaningful crystal structure, in the following
discussions we focus on the low-temperature orthorhom-
bic Pnma phase, as refined by (Baikie et al., 2013).
B. The Quasiparticle Band Structure of CH3NH3PbI3
The calculations shown so far in FIG. 2 were obtained
within DFT in the scalar-relativistic approximation.
However, the presence of Pb in CH3NH3PbI3 requires a
relativistic treatment. In FIG. 3a we show that the spin-
orbit coupling effect is crucial for the correct calculation
of the band edge topology. Not only relativistic effects
lower the conduction band bottom of CH3NH3PbI3 by
approximately 1 eV (Even et al., 2013), but also they
change the shape of the band edges. In particular, the
effective masses become fully isotropic upon inclusion of
spin-orbit coupling, by contrast with those calculated
in the scalar-relativistic approach (Mene´ndez-Proupin
et al., 2014). As shown in Table I, fully-relativistic DFT
calculations underestimate the band gap by ∼1 eV and
the reduced effective mass by a factor of two.
The underestimation of the band gap and effective masses
of DFT can be corrected by including quasiparticle ef-
fects. The quasiparticle band gap and band structure
can be calculated within the GW approximation (Hedin,
1965). The quasiparticle eigenvalues Enk are calculated
starting from the single-particle DFT/LDA eigenvalues
nk as (Hedin, 1965; Hybertsen and Louie, 1986):
Enk = nk + Z(nk)〈nk|Σˆ(nk)− Vxc|nk〉, (1)
where |nk〉 denotes a single-particle eigenstate with
band index n and crystal momentum k, Z(ω) = (1 −
∂ReΣˆ/∂ω)−1 is the quasiparticle renormalization, Vxc
is the exchange-correlation potential, and Σˆ = iG0W0
is the quasiparticle self-energy (Hybertsen and Louie,
1986). In the expression of Σˆ, G0 is the non-interacting
Green’s function calculated using single-particle eigenval-
ues and eigenstates as obtained from DFT. The screened
Coulomb interaction has the expression W0 = 
−1v,
where v is the bare Coulomb interaction and −1 is the
inverse dielectric matrix.
In the case of CH3NH3PbI3 it has been shown that the
one-shot G0W0 quasiparticle band gap is underestimated
with respect to experiment by up to 0.4 eV (Brivio et al.,
2014; Filip and Giustino, 2014), as show in Table I. This
is primarily due to the underestimated single particle
band gap calculated at the DFT level, which leads to an
overestimation of the dielectric screening in W0 (Brivio
et al., 2014; Filip and Giustino, 2014). The quasiparti-
cle band gap underestimation at the G0W0 level appears
irrespective of the exchange-correlation functional em-
ployed for the DFT starting point, and it tends to worsen
5FIG. 3 Band structure of CH3NH3PbI3. a. DFT/LDA band structure of CH3NH3PbI3 calculated with (blue line) and
without (grey line) including spin-orbit coupling effects. The calculations were performed for the orthorhombic Pnma phase
using norm-conserving Troullier Martins pseudopotentials as described by (Filip and Giustino, 2014). b. Convergence of the
self-consistent scissor GW scheme for the quasiparticle band gap of CH3NH3PbI3. The self-consistent scissor GW scheme is
described in detail by (Filip and Giustino, 2014). For all quasiparticle calculations we have used 1000 bands, and plane wave
cutoffs of 35 Ry and 6 Ry for the exchange and polarizability respectively. The diagram shows the self-consistent scissor scheme
calculated for a Γ-centered 2×2×2 k-point grid (blue) and a 4×4×4 k-point grid (red). All quasiparticle calculations include
semicore d electrons for both Pb and I, as discussed by (Filip and Giustino, 2014).
when more core electrons are included in the valence con-
figuration of I (Scherpelz et al., 2016). However, this sen-
sitivity to the DFT starting point can be mitigated by
calculating the electron self-energy self-consistently (van
Schilfegaarde et al., 2006).
FIG. 3b shows an approximate self-consistency scheme
introduced by (Kioupakis et al., 2008) and applied to the
case of CH3NH3PbI3 by (Filip and Giustino, 2014), the
self-consistent scissor GW . In this approach the G0W0
band gap correction ∆ is first calculated, and then a scis-
sor correction of magnitude ∆ is applied to all eigenstates
in the conduction band. These two steps are repeated un-
til the band gap is converged, as shown in FIG. 3b (Filip
and Giustino, 2014; Kioupakis et al., 2008). The final
converged band gap is of 1.57 eV, within 80 meV of the
measured optical band gap of 1.65 eV (Davies et al., 2017;
Milot et al., 2015). This small difference is accounted for
by the absence of electron-hole interaction effects, and
electron-phonon effects.
FIG. 4a shows the comparison between the GW quasi-
particle band structure and the DFT/LDA band struc-
ture obtained from Wannier interpolation (Marzari and
Vanderbilt, 1997; Souza et al., 2001). Qualitatively the
band dispersions calculated within DFT/LDA and GW
are similar, with the quasiparticle valence band exhibit-
ing a noticeably more pronounced curvature. A more
quantitative comparison between the DFT/LDA and
GW band dispersions is given by the isotropic effec-
tive masses, shown in Table I. The effective mass ten-
sor is calculated as the inverse of the second deriva-
tives of the energy with respect to the crystal momen-
tum, m∗ij = ~2(∂2/∂ki∂kj)−1, and the values reported
in Table I are the averages of the eigenvalues of the ef-
fective mass tensors. From Table I we can see that the
DFT/LDA and GW effective masses differ by almost a
factor of two. In addition, the GW reduced effective mass
of 0.11 me is in excellent agreement with the experimen-
tal value of 0.10 me reported by (Miyata et al., 2015),
thus establishing the accuracy of the quasiparticle band
structure calculations.
An important consequence of the quasiparticle effects in
the calculation of the band structure of CH3NH3PbI3 is
the band edge parabolicity. While both DFT/LDA and
GW yield isotropic band edges, the DFT/LDA bands are
parabolic only in a narrow energy range near the band
edges. On the other hand, the quasiparticle valence and
6DFT G0W0 GW Exp.
Band gap (eV) 0.50a,b,c 1.20a,b,c 1.57c 1.65c,d
∞ 5.8b,e 6.5f
0 25.3
e 30.5g
Hole effective mass (me) 0.14
b,c 0.18b,c 0.23b,c N/A
Electron effective mass (me) 0.12
b,c 0.16b,c 0.22b,c N/A
Reduced effective mass (me) 0.06
b,c 0.09b,c 0.11b,c 0.104±0.003h
Exciton binding energy (meV) 44 16h
TABLE I Calculated values of the band gap, high and low-frequency dielectric constants, electron, hole and reduced effective
masses within DFT/LDA and within the GW approximation including the self-consistent scissor correction of (Filip and
Giustino, 2014). The band gaps are expressed in eV and the effective masses are expressed in the unit of electron masses (me).
The reduced effective mass is calculated using the expression: µ∗ = m
∗
hm
∗
e
m∗
h
+m∗e
, where m∗e , m
∗
h and µ
∗ are the electron, hole and
reduced effective masses respectively. The exciton binding energy is calculated using the expression Eb = µ
∗/2∞ × ERy eV,
with ERy = 13.60565 eV, the reduced effective mass µ
∗ = 0.11 me and the high-frequency dielectric constant ∞ = 5.8.
a (Filip and Giustino, 2014)
b (Filip et al., 2015)
c (Davies et al., 2017)
d (Milot et al., 2015)
e (Pe´rez-Osorio et al., 2015)
f (Hirasawa et al., 1994)
g (Poglitsch and Weber, 1987)
h (Miyata et al., 2015)
conduction band edges exhibit a parabolic profile over a
range of 300 meV (FIG. 4b). This observation is most
clearly visualized in the joint density of states (JDOS),
shown in FIG.4b, where the parabolic shape of the bands
extends over approximately 0.3 eV for the quasiparticle
JDOS, while the JDOS calculated from DFT/LDA de-
parts from the parabolic shape within 50 meV from the
onset.
The parabolicity of the conduction and valence band
edges has important implications in the understand-
ing of both absorption and recombination mechanisms
in CH3NH3PbI3. Using a combined experimental and
theoretical analysis of the optical absorption lineshape,
(Davies et al., 2017) showed that the optical absorption
spectrum of CH3NH3PbI3 can be modelled using the El-
liot’s theory (Elliott, 1957) up to 100 meV above the
absorption onset. Within this premise, (Davies et al.,
2017) decoupled the excitonic and continuum part of the
absorption spectrum, and calculated the bimolecular re-
combination rate using the van Roosbroek-Shockley for-
malism (van Roosbroek and Shockley, 1954). By com-
paring this model to direct transient spectroscopic mea-
surements, (Davies et al., 2017) demonstrated that bi-
molecular recombination in CH3NH3PbI3, is an inverse
absorption process. This result reinforces the conclusion
that CH3NH3PbI3 is in many respects very similar to
conventional semiconductors, such as GaAs (Herz, 2016).
C. Vibrational Properties of CH3NH3PbI3
The vibrational spectrum is a key piece of informa-
tion in the study of the optoelectronic properties of
CH3NH3PbI3. Lattice vibrations can be analyzed ex-
perimentally from IR (Pe´rez-Osorio et al., 2015) and Ra-
man (Ledinsky´ et al., 2015) spectroscopy, as well as in-
elastic neutron scattering (Druzˇbicki et al., 2016), and
can be directly compared with ab initio calculations.
Compared to the latter two techniques, IR spectroscopy
is most accessible, as high-resolution measurements can
be achieved in a short time frame over a wide range of
frequencies (Pe´rez-Osorio et al., 2015).
The vibrational properties of CH3NH3PbI3 can be cal-
culated within density functional perturbation theory
(DFPT). The vibrational spectrum of CH3NH3PbI3 in
the orthorhombic Pnma phase consists of 144 normal
modes at the Γ point, with frequencies extending up to
3100 cm−1 (Pe´rez-Osorio et al., 2015). The vibrational
modes of CH3NH3PbI3 can be classified into three main
categories: vibrations of the CH3NH
+
3 cations, vibrations
of the inorganic PbI3 network, and mixed modes. In
addition, the vibrations of the CH3NH
+
3 cations can be
decomposed into rigid translations, spinning vibrations
around the C-N axis, librations around the center of mass
of the cation, and internal vibrations. Up to 60 cm−1,
the main contribution to the vibrational phonon modes
comes from the internal vibrations of the inorganic net-
work, while above 60 cm−1 the vibrational phonon modes
are almost exclusively due to the vibrations of the or-
ganic cations (Pe´rez-Osorio et al., 2015). (Pe´rez-Osorio
7FIG. 4 Band parabolicity. a. Quasiparticle band structure of CH3NH3PbI3. The quasiparticle band structure is represented
by the blue lines, the grey background is the DFT/LDA band structure. The quasiparticle band structure was obtained by
performing a Wannier interpolation of the quasiparticle eigenvalues calculated for a 4×4×4 Γ-centered grid, using the GW and
the self-consistent scissor scheme (Davies et al., 2017; Filip et al., 2015). b. Joint density of states of CH3NH3PbI3 calculated
within DFT (black line) and GW (dark blue line). The direct joint densities of states were calculated using the definition
J(ω) =
∑
cvk δ(ck − vk −ω), where c and v are the band indices for the conduction and valence band states respectively, and
k is the crystal momentum. The summation over the crystal momenta is performed by discretizing the Brillouin zone on a Γ-
centered grid of 40×40×40 points. The DFT and GW eigenvalues are obtained on this grid from Wannier interpolation (Davies
et al., 2017; Filip et al., 2015). The model joint densities of states (light blue line for GW and grey for DFT) are calculated
using the assumption that the bands are parabolic using, JDFT/GW (ω) = 1/4pi2(2µDFT/GW /~2)3/2(ω − Eg)1/2, where µ is the
reduced effective mass calculated from DFT (0.06 me) or GW (0.11 me). Both the model and the direct JDOS calculated from
DFT were rigidly shifted in order to match the GW onset, for clarity.
et al., 2015) describes the precise contribution of these
three categories of vibrations to each of the vibrational
modes. These contributions were calculated by a system-
atic decomposition of each mode followed by a factor-
group analysis of their symmetries.
Using the calculated vibrational frequencies of
CH3NH3PbI3, the IR spectrum is obtained by cal-
culating the absorption spectrum in the IR frequency
range as (Pe´rez-Osorio et al., 2015):
I(ω) =
e2
M0
∑
αν
|Z∗αν |2δ(ω − ων), (2)
where M0 is the average mass over the unit cell, e is the
electronic charge, ων are the vibrational eigenfrequen-
cies at the zone center and Z∗αν =
∑
κβ
√
M0
Mκ
eκβ,νZ
∗
κ,αβ ,
with Mκ being the nuclear mass of atom κ in the unit
cell, eκβ,ν the vibrational eigenmode of atom κ in the
Cartesian direction β, with vibrational frequency ων , and
Z∗κ,αβ is the Born effective charge (Pe´rez-Osorio et al.,
2015).
In FIG. 5 we show a comparison between the experimen-
tal and theoretical IR spectra of CH3NH3PbI3, as mea-
sured and calculated by (Pe´rez-Osorio et al., 2015). Each
of the features in the experimental IR spectrum is as-
signed to a peak and a vibrational symmetry in the calcu-
lated spectrum. The theoretical and experimental spec-
tra agree well for almost the entire frequency range. The
two main discrepancies are shown in the FIG.. 5c-f. At
high frequency, the three peaks are redshifted by approx-
imately 70 cm−1. This discrepancy is shown by (Pe´rez-
Osorio et al., 2015) to be corrected by the use of the gen-
eralized gradient approximation (GGA) instead of LDA
for the calculation of the exchange-correlation potential
in DFPT. In the low frequency (FIG. 5c-d) region of
the spectrum, DFPT calculations appear to overestimate
the vibrational frequencies of the librational modes of
CH3NH
+
3 around 150 cm
−1. This discrepancy (FIG. 5e-
f) is consistent with other studies in literature (Druzˇbicki
et al., 2016; Mosconi et al., 2014), and it appears re-
gardless of the choice of exchange-correlation functional
(LDA vs. GGA), inclusion of relativistic spin-orbit cou-
pling effects, van der Waals interactions or anharmonic
effects (Pe´rez-Osorio et al., 2017). Moreover, (Pe´rez-
Osorio et al., 2017) show that the calculated vibrational
density of states is in good agreement with inelastic neu-
tron scattering spectra (Druzˇbicki et al., 2016), suggest-
ing that the discrepancy between the experimental and
8FIG. 5 Experimental and theoretical IR spectra of CH3NH3PbI3 at low temperature. a. IR spectrum of CH3NH3
measured on thin film at 10 K. The dashed lines indicate the assignment of the most prominent peaks of the spectrum to
features in the calculated IR spectrum in b. The IR spectrum is measured at normal incidence, and only TO normal modes can
be excited in this geometry. b. Calculated IR spectrum of CH3NH3PbI3 in the low temperature orthorhombic structure. The
red sticks are the calculated infra-red intensities and the blue line corresponds to the spectrum calculated by representing each
absorption peak with a Gaussian broadening. To be able to compare with the experimental data obtained within the geometry
described in a, only TO modes are included in the calculated IR spectrum, as discussed by (Pe´rez-Osorio et al., 2015). c, d.
Close-up of the comparison between the experimental (c) and theoretical (d) IR spectra in the low frequency region. e, f.
Close-up of the comparison between experimental (e) and theoretical (f) IR spectra in the high-frequency region. Reprinted
with permission from (Pe´rez-Osorio et al., 2015) , Copyright (2015) American Chemical Society.
calculated IR spectra may be related to a mismatch be-
tween the experimental and theoretical IR intensities.
Having established both the electronic and vibrational
properties of CH3NH3PbI3, we have access to the high
and low frequency dielectric permitivities, ∞ and 0, re-
spectively. The high-frequency permitivity does not de-
pend on lattice vibrations, but its value does depend on
the calculated band gap. For this reason, the closest
agreement with the experimental value ε∞ = 6.5 (Hi-
rasawa et al., 1994) is obtained from finite-electric field
calculations within scalar-relativistic DFT (Filip et al.,
2015; Pe´rez-Osorio et al., 2015) (5.8, see Table I). The
low-frequency permitivity depends on the vibrational fre-
quencies of CH3NH3PbI3, with the vibrations of the
inorganic PbI6 network carrying the largest contribu-
tion (Pe´rez-Osorio et al., 2015). (Pe´rez-Osorio et al.,
2015) reports a value of ε0 = 25.3, as calculated from
DFPT, in very good agreement with the experimental
low-frequency dielectric constant ε0 = 30.5 (Poglitsch
and Weber, 1987). As shown by (Pe´rez-Osorio et al.,
92015), the large difference between the high- and low-
frequency dielectric permitivities is due almost entirely
to the vibrations of the inorganic PbI6 network.
D. Electron-Phonon Coupling in CH3NH3PbI3
Understanding the interaction between electrons and lat-
tice vibrations is essential in the investigation of the
transport properties and charge carrier recombinations
in CH3NH3PbI3. In particular, electron-phonon coupling
manifests itself prominently in the temperature depen-
dent charge carrier mobility and in the broadening of the
photoluminescence spectra (Johnston and Herz, 2016).
The charge carrier mobility decreases with increasing
temperature as Tm, where m takes values between -1.4
and -1.6 (Brenner et al., 2015; Wright et al., 2016). Such
behaviour is typical of non-polar semiconductors such as
silicon or germanium, where electron-phonon interactions
at room temperature are almost exclusively governed by
the interaction with acoustic phonons. It is, however,
unexpected in the case of CH3NH3PbI3, given the polar
nature of the this compound.
As shown by (Wright et al., 2016), the nature of electron-
phonon interactions in CH3NH3PbI3 can be investigated
by analyzing the photoluminescence linewidth as a func-
tion of temperature. In their study, (Wright et al., 2016)
find that the contribution of acoustic phonons to the
broadening of the photoluminescence linewidth is neg-
ligible compared to that of the longitudinal-optical (LO)
modes. This argument is further corroborated by first
principles calculations of the electron-phonon coupling,
shown in FIG. 6 (Wright et al., 2016).
The photoluminescence linewidth can be directly associ-
ated with the imaginary part of the electron-phonon self
energy, calculated using the following expression (Wright
et al., 2016):
Σnk =
∑
mνq
|gνmn(k,q)|2
[ nq,ν + fmk+q
εnk − εmk+q − ωqν − iη +
nq,ν + 1− fmk+q
εnk − εmk+q − ωqν − iη
]
, (3)
where fmk+q and nq,ν are the Fermi-Dirac and Bose-
Einstein occupations, nk and ~ωqν are the electron and
phonon energies respectively, η is a small broadening pa-
rameter, and gνmn(k,q) is the electron-phonon matrix el-
ement calculated by taking into account only the inter-
action with the LO phonons, as discussed by (Verdi and
Giustino, 2015).
FIG. 6a shows how the imaginary part of the electron and
hole linewidth are distributed across the electronic states
in the quasiparticle band structure (Wright et al., 2016).
The linewidth increases as the density of states increases
(FIG. 6b), because more states become available for elec-
tronic transitions. The predominant contribution to the
electron-phonon self-energy comes from the LO phonon
mode with an energy of 13 meV, which corresponds to
the vibrations shown in FIG. 6c. This value is in excellent
agreement with the dominant phonon energy of 11 meV
determined from the experiments (Wright et al., 2016).
FIG. 6d shows that the measured and the calculated
trend for the PL broadening as a function of temperature
are in very good agreement, thereby confirming that the
predominant electron-phonon interaction is that between
charge carriers and longitudinal optical phonons. In addi-
tion, both theoretical and experimental results reported
by (Wright et al., 2016) show that CH3NH3PbBr3 ex-
hibits an electron-phonon coupling which is 40% stronger
than for the iodide, pointing to potential directions for
controlling such effects through chemical substitution.
E. Desirable electronic structure properties and the basis
for materials design
Experimental and theoretical studies of the electronic
and optical properties of CH3NH3PbI3 have so far eluci-
dated many of its fundamental properties. Perhaps the
most striking finding is that CH3NH3PbI3 exhibits opto-
electronic properties which are remarkably similar to the
best inorganic semiconductors such as GaAs. Despite
much progress on the understanding of the fundamen-
tal properties of CH3NH3PbI3 and related compounds,
several important questions remain to be addressed. For
example it would be important to investigate charge car-
rier transport and recombination processes (Herz, 2016),
degradation mechanisms (Leijtens et al., 2017), and de-
fect physics (Ball and Petrozza, 2017). All these topics
are active areas of current research in this field.
Much of the current success of halide perovskites owes
to the continued in-depth investigation of their funda-
mental optoelectronic properties, but also to the devel-
opment of practical strategies to control these properties
through chemical substitution and to design new materi-
als with targeted functionalities. For example, chemical
substitution has been systematically explored as a means
to tune the optical absorption properties (Eperon et al.,
2016; Filip et al., 2014), improve the stability (McMeekin
et al., 2016) and reduce the toxicity (Giustino and Snaith,
2016) of lead-halide perovskites.
In particular, there is currently an ongoing search for
alternative lead-free halide perovskites which retain the
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FIG. 6 Electron-phonon coupling and PL broadening of CH3NH3PbI3. a. GW quasiparticle band structure of the
orthorhombic CH3NH3PbI3, combined with the heat map of the imaginary part of the electron-phonon self-energy, Im(Σ) at T
= 200 K. The zero of the energy is placed in the middle of the band gap. b. Imaginary part of the electron-phonon self-energy
(dark blue line) and the electronic density of states (dotted black line). 2Im(Σ) corresponds to the electron-hole linewidth
arising from electron-phonon coupling (without the quasiparticle renormalization factor Z). c. Ball-and-stick representation
of the LO vibration responsible for the broadening of the PL peaks. d. Temperature dependence of the full width at half
maximum (FWHM) of the PL peak in CH3NH3PbI3. The dashed black line corresponds to the fit to experimental data and the
blue and red triangles correspond to theoretical calculations using Fermi’s golden rule and the Brillouin Wigner perturbation
theory (red triangles), respectively. The theoretical broadening is obtained as the sum of 2Im(Σ) at the valence and conduction
band edges, rigidly shifted by a constant inhomogeneous broadening of 26 meV. Reprinted with permission from (Wright et al.,
2016), Copyright (2016) Nature Publishing Group.
.
optoelectronic properties of CH3NH3PbI3, and remove
any potential environmental concerns due to the pres-
ence of lead. The nearly ideal optoelectronic properties
of lead-halide perovskites set a very high bar for poten-
tial lead-free candidates: new compounds must exhibit a
band gap in the visible range, long carrier lifetimes, good
charge carrier mobilities, low exciton binding energies,
and shallow or electrically-inactive defects. In the next
section we review our efforts in the search for novel halide
perovskites that might exhibit this unique combination
of optoelectronic properties.
II. DESIGN OF LEAD-FREE PEROVSKITES
The presence of lead in lead-halide perovskites has raised
questions on the environmental impact of perovskite solar
cells. While the content of lead by weight in these de-
vices is well below the limits set by governmental agen-
cies, the prospect of developing lead-free perovskites is
very attractive. Until now a lead-free material that can
compete with CH3NH3PbI3 and related compounds has
not been found, but substantial progress has been made
in the development of new lead-free perovskites.
Among the different approaches to develop new lead-
free perovskites, first-principles computational design has
emerged as a powerful tool for screening new materials
and identifying promising candidates. In fact, over the
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last two years several new lead-free halide double per-
ovskites have been first proposed by theoretical studies,
and subsequently synthesized in the lab. In the next sec-
tions representative examples in this area are discussed.
A. Homovalent Pb replacement
In order to replace lead in the APbX3 structure, the sim-
plest starting point is to search for alternative cations
in the +2 oxidation state. Hypothetical new perovskites
should be stable towards air, moisture, illumination, and
heat, and should exhibit band gap and carrier effective
masses similar to those of CH3NH3PbI3. The most obvi-
ous choice would be to replace Pb2+ with another atom
of Group IV, such as Sn2+. Indeed Sn-based perovskites
were shown to exhibit ideal band gaps for photovoltaics
applications, as well as good charge carrier mobilities
(Stoumpos et al., 2013). However, perovskites containing
Sn2+ tend do degrade rapidly due to the oxidation of the
cation to Sn4+. This limitation was recently overcome
by developing mixed Sn/Pb halide perovskites, and the
first applications to tandem device architectures are very
promising (Eperon et al., 2016; McMeekin et al., 2016).
A comprehensive search for other +2 B-site cations was
performed by (Filip and Giustino, 2016). In this work
the Periodic Table was screened by means of DFT cal-
culations, using the procedure illustrated in FIG. 7. The
candidate cations include metals which exhibit a stable
+2 oxidation state and which form BX2 salts with X
= Cl, Br, or I. This choice leads to 116 hypothetical
compounds for which the electronic structure was cal-
culated using DFT/LDA, using the same orthorhombic
perovskite structure as for CH3NH3PbI3. The calculated
band structures were then used to reduce the materi-
als space, and only those insulating compounds with a
band gap smaller than 3.5 eV were retained, leaving 40
potential candidates. These compounds were tested for
dynamical stability using a ‘shake-and-relax’ approach,
meaning that the structures are randomly distorted and
subsequently re-optimised. Only structures that preserve
the perovskite connectivity are retained in this step. For
the 32 compounds that pass this test, more refined cal-
culations including spin-orbit coupling effects were per-
formed, and 25 hypothetical perovskites with band gaps
smaller than 2 eV were identified. For the compounds
with the most promising electronic properties (Filip and
Giustino, 2016) performed additional calculations at the
GW level. However in all the cases considered the quasi-
particle band gaps were too wide for solar cell applica-
tions. This result suggests that homovalent Pb replace-
ment may not be the best option for eliminating Pb in
halide perovskites. A possible promising exception is the
use of Sn2+, provided the stability issues can be resolved.
Similar conclusions were reached by an extensive, high-
throughput search of novel ABX3 perovskites by (Korbel
et al., 2016).
B. Heterovalent Pb replacement
In the previous section we considered the possibility of
replacing Pb with another divalent cation. In order to
broaden the search space several authors considered the
potential replacement of Pb2+ by cations in their +3 or
+4 formal oxidation states. This choice leads to the for-
mation of perovskite-related structures such as for ex-
ample Cs3Sb(III)2I9 and Cs3Bi2I9 (Park et al., 2015;
Saparov et al., 2015), Cs2Sn(IV)I6, and Cs2PdBr6 (Lee
et al., 2014; Sakai et al., 2017). In all these structures
the three-dimensional corner-sharing connectivity of the
octahedra is disrupted. In particular, A2BX6 compounds
can be described as vacancy-ordered double perovskites,
where the B-sites of the perovskite lattice are replaced
alternatively by the +4 cation and by a vacancy. In
this structure the BX6 octahedra are structurally discon-
nected. Similarly A3B2X9 compounds can be thought
of as if obtained from the perovskite lattice by remov-
ing one layer of octahedra. In both cases the result-
ing compounds behave electronically as low-dimensional
systems (zero-dimensional and two-dimensional, respec-
tively), and as a consequence the optoelectronic proper-
ties are not ideal (Xiao et al., 2017b).
Another potential strategy for lead replacement is the
split-cation approach. This consists of replacing pairs of
Pb2+ cations by pairs of +1 and +3 cations, so as to pre-
serve the average oxidation state on the B-site. When
the +1 and +3 cations are arranged in a rock-salt sub-
lattice the structure is an ordered double perovskite, also
known as elpasolite, as shown in FIG. 8. In this case the
three-dimensional connectivity of the octahedra is main-
tained.
Double perovskites are well known in the literature on
oxide perovskites (Vasala and Karppinen, 2015). Halide
double perovskites are less known, but are commonly em-
ployed in radiation detectors as scintillators (Biswas and
Du, 2012; van Loef et al., 2002). Common elpasolites ex-
hibit wide band gaps, therefore they are unsuitable for
photovoltaics applications. In the following three sec-
tions we review recent findings on three new classes of
halide elpasolites: halide double perovskites based on
pnictogens and noble metals (Filip et al., 2016; McClure
et al., 2016; Slavney et al., 2016; Volonakis et al., 2016);
indium-silver halide double perovskites (Volonakis et al.,
2017a; Zhao et al., 2017a); and indium-bismuth double
perovskites (Volonakis et al., 2017b; Xiao et al., 2017a;
Zhao et al., 2017b).
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FIG. 7 Homovalent replacement of lead. Schematic illustration of the methodology and the selection criteria (in red
triangles) employed for screening the Periodic Table for stable lead-free ABX3 halide perovskites. At first, all perovskite
structures with a DFT/LDA band gap larger than 3.5 eV were eliminated. The remaining compounds were randomly distorted
(‘shake-and-relax’) to probe their dynamical stability and only compounds which retained the perovskite structure and exhibited
a band gap of less than 2.0 eV were considered for the final GW calculations. These compounds are marked with the blue
squares in the lower Periodic Table. The DFT/LDA band gaps for all the halide perovskites which satisfied all selection criteria
are summarised at the left side of the figure. Adapted with permission from (Filip and Giustino, 2016), Copyright (2016)
American Chemical Society.
FIG. 8 The double perovskite structure. Two divalent cations at the B-site of the AB(II)X3 perovskite structure (left),
are replaced with a monovalent and a trivalent cation to form the double perovskite A2B(I)B
′(III)X6 structure (right). The
two-types of octahedra in the double perovskite remain corner-sharing. When the B(I) and B′(III) cations are ordered in a
rock-salt sublattice these compounds are called elpasolites (Meyer, 1980; Meyer and Gaebell, 1978; Morss et al., 1970).
1. Double perovskites based on pnictogens and noble metals
In order to design new lead-free halide double perovskites
(Volonakis et al., 2016) started from the known elpasolite
Cs2NaBiCl6 (Morss and Robinson, 1972), and considered
the replacement of monovalent Na by a noble metal. The
rationale behind this strategy is that noble metals are
known to be good electrical conductors due to their s1
electrons. (Volonakis et al., 2016) performed DFT calcu-
lations for hypothetical compounds Cs2NmPnX6, where
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FIG. 9 Electronic properties of the pnictogen/noble metal double perovskites. a. Calculated electronic band gaps
(top left) and effective masses (bottom left) of all the hypothetical Cs2BiB
′X6 lead-free halide double perovskites, with B′ =
Cu, Ag, Au and X = Cl, Br, I. All the band gaps are calculated by employing the PBE0 hybrid functional, and are found to
be indirect and below 2.7 eV. The effective masses are low (<0.4 me), as calculated from the DFT/LDA at the valence band
top and the conduction band bottom for the holes and electrons, respectively. b. The DFT/LDA electronic band structure for
the synthesized Cs2AgBiCl6 and Cs2AgBiBr6 compounds. Calculations with (without) spin-orbit coupling are shown in blue
(red), and the shaded area highlights the lowest unoccupied band. The synthesized Cs2AgBiCl6 and Cs2AgBiBr6 single-crystals
are shown below. Adapted with permission from (Volonakis et al., 2016) and (Filip et al., 2016), Copyright (2016) American
Chemical Society.
Nm = Cu, Ag, Au, Pn = Bi, Sb, and X = Cl, Br, I. The
calculated band gaps and carrier effective masses for the
Bi-based hypothetical perovskites are shown in FIG. 9a.
All band gaps fall below 2.7 eV, and the effective masses
do not exceed 0.4 me. These results indicate that pnicto-
gen/noble metal halide double perovskites might indeed
be promising for optoelectronic applications. (Volonakis
et al., 2016) reported the synthesis of Cs2AgBiCl6. The
compound was synthesized by following the same route
as for Cs2NaBiCl6 (Morss and Robinson, 1972), and re-
placing AgCl for NaCl. The structure of this compound
was characterized by powder and single crystal X-ray
diffraction (XRD) measurements. The authors obtained
an ordered double perovskite structure with the Fm3m
face centered cubic space-group (no. 255) at room tem-
perature. The reported lattice constant is 10.78 A˚, in
good agreement with the predicted DFT/LDA value of
10.50 A˚. Following the same synthetic route (Filip et al.,
2016) reported the new double perovskites Cs2AgBiBr6.
Also in this case the XRD measurements confirmed the
formation of an elpasolite structure, with a lattice con-
stant of 11.26 A˚. This value is slightly larger than for
Cs2AgBiCl6, as expected based on the ionic radii of the
halides. The synthesis of these compounds via solution
and via solid-state synthesis was also reported indepen-
dently (and a few weeks earlier) by two other groups
(McClure et al., 2016; Slavney et al., 2016).
The electronic band structures of the new double per-
ovskites are shown in FIG. 9b. In both cases the band
gap is indirect, with the valence band top at the X
point of the Brillouin zone, and the conduction band
bottom at the L point. The band gaps calculated us-
ing the PBE0 hybrid functional are 2.7 eV and 2.3 eV
for Cs2AgBiCl6 and Cs2AgBiBr6, respectively (Volon-
akis et al., 2016). Quasiparticle GW calculations yield
slightly smaller gaps, namely 2.4 eV and 1.8 eV, re-
spectively (Filip et al., 2016). The calculated band
gaps are broadly in agreement with the measured optical
gaps, which range between 2.2-2.8 eV and 1.9-2.2 eV for
Cs2AgBiCl6 and Cs2AgBiBr6, respectively (Filip et al.,
2016).
More recently (Filip et al., 2018) performed a systematic
DFT investigation of the thermodynamic stability of the
entire family of Cs2NmPnX6 compounds. The calcula-
tions involve the comparison between the total energy
of each perovskite and the total energies of all possi-
ble decomposition products. This study predicted that
only three double perovskites should be stable, namely
Cs2AgBiCl6, Cs2AgBiBr6, Cs2AgSbCl6, in line with ex-
perimental observations (McClure et al., 2016; Slavney
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et al., 2016; Tran et al., 2017; Volonakis et al., 2016).
Among these new compounds, the double perovskite
Cs2AgBiBr6 attracted considerable interest as a poten-
tial new material for photovoltaics and optoelectronic ap-
plications. In fact, solar cells using Cs2AgBiBr6 as the
active layer were demonstrated by (Greul et al., 2017),
and power conversion efficiencies of 2.5% were reported.
Furthermore, the possibility of mixing Cs2AgBiBr6 with
CH3NH3PbI3 in order to reduce the Pb content of per-
ovskite solar cells (as opposed to completely replace Pb)
is also under investigation (Du et al., 2017a,b). Fi-
nally, (Pan et al., 2017) showed that single crystals of
Cs2AgBiBr6 can be employed to realize X-ray detectors
with low detection thresholds (Pan et al., 2017).
2. Double perovskites based on In(III) and Ag(I)
Following up on the successful design and synthesis
of lead-free halide double perovskites based on pnicto-
gen/noble metals combinations, several groups set to im-
prove the design by targeting double perovskites with a
direct band gap. (Volonakis et al., 2017a) reasoned that
the origin of the indirect band gap of Cs2AgBiBr6 lies
in the hybridization between Bi s-states and Ag d-states
near the valence band top. In order to demonstrate this
effect, the authors artificially lowered the energy of the
Bi s-states in Cs2AgBiBr6 using an effective Hubbard po-
tential in the DFT calculations. This strategy led to the
appearance of a direct band gap at the zone center, in
line with expectations. In order to exploit this finding,
(Volonakis et al., 2017a) proposed to replace Bi with a +3
cation with the outermost s-shell unoccupied. This pro-
posal, combined with the observation that the synthetic
route to prepare Cs2InNaCl6 via solution was already
known (Meyer and Gaebell, 1978; Morss and Robinson,
1972), motivated the consideration of hypothetical com-
pounds of the type Cs2InAgX6 with X = Cl or Br (Volon-
akis et al., 2017a).
The calculated band structure of Cs2InAgCl6 is shown in
FIG. 10a. As expected the system exhibits a direct gap at
the Γ point, and the top of the valence band is comprised
of Ag and In d-orbitals, hybridized with the halogen p-
orbitals. The band gap of Cs2InAgCl6 was predicted to
be in the range 2.7±0.6 eV, with the error bar reflecting
the spread in band gaps obtained from calculations based
on different exchange and correlation functionals. This
compound was successfully synthesized via an acidic so-
lution synthesis route by mixing stoichiometric amounts
of InCl3, AgCl and CsCl. Powder XRD measurements
confirmed the formation of a double perovskite with a
face-centered cubic crystal (Fm3m space group) and a
lattice constant of 10.47 A˚, in good agreement with the
DFT predictions (Volonakis et al., 2017a).
The nature of In/Ag cation ordering in Cs2InAgCl6 is not
firmly established yet. The characteristic fingerprints of
cation ordering in the XRD spectra of double perovskites
are two doublets arising from reflections at the planes
containing each cation (FIG. 10b). In contrast to the
cases of Cs2AgBiCl6 and Cs2AgBiBr6, where such dou-
blets have clearly been identified (Volonakis et al., 2016),
the assignment proved more difficult for Cs2InAgCl6.
(Volonakis et al., 2017a) calculated the XRD patterns
for structures with ordered or disordered cations and
compared these results to measured spectra, as shown
in FIG. 10b. From this comparison it is clear that the
difference between the two structures is too subtle to be
resolved by the measurements. More refined XRD data
from (Zhou et al., 2017), taken on single crystal samples,
show a clear doublet at low angle. This supports the
notion that Cs2InAgCl6 is a fully-ordered elpasolite, al-
though further investigations would be desirable to settle
this question.
The calculated electron and hole effective masses of
Cs2InAgCl6 are relatively light, 0.29 me and 0.28 me,
respectively. These values refer to the parabolic bands
that can be seen in FIG. 10a. The non-dispersive band
that is seen along the ΓX direction in the same figure
arises from two-dimensional wavefunctions comprising of
In 4dx2−y2 states and Cl 3px,y-states. These states are
expected to hinder hole transport along the six equiva-
lent [001] directions, as well as to favor the formation of
deep traps.
The nature of the band gap of Cs2InAgCl6 remains an
open question. The absorption data reported by (Volon-
akis et al., 2017a) indicate an absorption onset around
3.3 eV, which is consistent with the upper range obtained
from DFT calculations. However the photoluminescence
data by (Volonakis et al., 2017a) also indicate emission
near 2.0 eV, indicating the presence of optically-active
defects within the gap. (Luo et al., 2018) proposed an
alternative explanation for these effects, involving parity-
forbidden band-to-band transitions.
While the band gap of Cs2InAgCl6 is too wide for appli-
cations in photovoltaics, this new double perovskites is
attracting attention for applications in UV detectors due
to its excellent stability and non-toxicity. In particular
(Luo et al., 2018) and (Zhou et al., 2017) succeeded in
growing mm-sized single crystals, and (Luo et al., 2018)
fabricated UV detectors with high on/off ratios, fast pho-
toresponse, low dark current, and high sensitivity.
3. Double perovskites based on Bi(III) and In(I)
The new double perovskites described in the preced-
ing sections either exhibit indirect band gaps, or non-
dispersive bands at the band extrema. In order to move
a step closer to realizing high-quality semiconducting
halide perovskites without lead, (Volonakis et al., 2017b)
revisited the general design principles of the split-cation
approach based on +1 and +3 cations.
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FIG. 10 Electronic and structural properties of Cs2InAgCl6. a. Electronic band structure of Cs2InAgCl6 within the
DFT/PBE0 and the DFT/HSE hybrid functionals. Square moduli of the electronic wavefunctions for the highest (top) and
second highest (bottom) occupied state along the Γ-X direction. b. Measured powder XRD pattern of Cs2InAgCl6 (top),
XRD pattern calculated by assuming ideal rock-salt ordering of the In and Ag cations (middle), and XRD pattern calculated
by assuming a fully disordered cation sublattice (bottom). The green arrows show the fingerprints of the cation ordering.
The difference between the calculated ordered and disordered patterns are within the noise level of the measured spectrum,
therefore it is not possible to unambiguously confirm cation ordering in this case. Adapted with permission from (Volonakis
et al., 2017a), Copyright (2017) American Chemical Society.
The authors argued that an ideal double perovskite
should contain cations with the same valence configu-
ration as Pb2+. This implies that candidate elements
should have (i) occupied s-orbitals, (ii) unoccupied p-
orbitals, and (iii) a filled d shell far from the band edge.
The candidates for the monovalent cation are limited to
the alkali metals, the noble metals and the Group III
elements (boron group). Among these options only the
latter have occupied s-orbitals and unoccupied p-orbitals
in their formal +1 oxidation state. However, only two
members of this group, In and Tl, are stable as +1
cations, and Tl is to be excluded due to its toxicity. This
leaves In+ as the sole candidate for the monovalent B-
site cation. For the trivalent B-site cation the choice is
between pnictogens, some transition metals such as Sc,
Y, Cu and Au that were previously reported to form el-
pasolites (Giustino and Snaith, 2016), elements of the
boron group in the +3 oxidation state, lanthanides and
actinides. Among these elements only the pnictogens sat-
isfy the criteria (i)-(iii) above. In this group N and P are
too small to coordinate six halogens in a octahedral ar-
rangement, and As is toxic, therefore the only options
left are Sb3+ and Bi3+. Based on this simple reasoning
(Volonakis et al., 2017b) concluded that the best option
for replacing Pb, from the electronic structure viewpoint,
is to consider In(I)/Sb(III) and In(I)/Bi(III) double per-
ovskites.
Building on this insight, (Volonakis et al., 2017b)
evaluated the stability of the hypothetical compounds
A2InPnX6 with A = K, Rb, Cs, Pn = Sb, Bi, and X = F,
Cl, Br, I, using both the Goldschmidt tolerance analysis
and DFT calculations of decomposition energies in con-
junction with the Materials Project Database (Jain et al.,
2013). The outcome of this study was that all compounds
are unstable with respect to decomposition, in line with
the work of (Xiao et al., 2017a). However Cs2InBiBr6
was found to be only marginally unstable, as the cal-
culated decomposition energy of 1 meV per formula
unit falls within the uncertainty of the computational
method. This finding raises the hope that Cs2InBiBr6 or
a closely related compound might be amenable to syn-
thesis. (Volonakis et al., 2017b) also noted that the de-
composition energy correlates with the size of the A-site
cation, and that double perovskites with larger A-site
16
FIG. 11 Indium/Bismuth halide double perovskites. a. Comparison between the electronic band structures of the
hypothetical lead-free double perovskite (MA/FA)2InBiBr6 and the lead halide perovskite MAPbI3. MA stands for methy-
lammonium (CH3NH3), and FA for formamidinium [CH(NH2)2]. Calculations were performed by employing the PBE0 hybrid
functional. The double perovskite structures were fully optimized starting from the low-temperature Pnma phase of MAPbI3,
and by replacing two Pb atoms with In and Bi. b. Calculated absorption coefficients for MA2InBiBr6 (blue line), and MAPbI3
(grey line). Adapted with permission from (Volonakis et al., 2017b), Copyright (2017) American Chemical Society.
cations tend to be less prone to decomposition. Based on
this observation the authors proposed that In(I)/Bi(III)
halide double perovskites might be amenable for synthe-
sis by using large organic cations such as CH3NH
+
3 and
CH(NH2)
+
2 .
The electronic band structure of the hypothetical
(CH3NH3/CH(NH2)2)2InBiBr6 double perovskites along
with the band structure of CH3NH3PbI3 are shown in
FIG. 11a. As anticipated, owing to the similar electronic
configuration of Pb2+, In+ and Bi3+ the two compounds
exhibit very similar band structures. The band gaps are
direct in both cases and of the same magnitude. Similarly
the calculated optical absorption spectra for these com-
pounds are very similar, as shown in FIG. 11b. These
findings highlight the potential of hybrid In/Bi halide
double perovskites for photovoltaics and optoelectronics.
At the time of writing this chapter synthetic attempts
at making In(I)/Bi(III) halide double perovskites have
not been successful. The key challenge appears to be the
tendency of In(I) to be oxidized to the more stable form
In(III), therefore future synthesis studies should devise
strategies for maintaining In in its +1 state long enough
to enable its incorporation in the double perovskite lat-
tice.
III. CONCLUSIONS
In this chapter we have presented a detailed account of
the contributions made by our materials modelling group
to the study of the fundamental properties and design
principles of metal-halide perovskites. The results re-
viewed in this chapter were obtained by employing tech-
niques ranging from standard density functional theory
and density functional perturbation theory to many-body
perturbation theory treatments of electronic excitations
and electron-phonon coupling phenomena. Our studies
so far have been directed at two principal goals, under-
standing the fundamental properties of lead-halide per-
ovskites and developing design principles to guide the
discovery of novel lead-free metal-halide perovskite semi-
conductors.
The current understanding of the fundamental properties
of lead-halide perovskites is due to a complementary ef-
fort combining state-of-the art predictive computational
modelling and experimental measurements which have
allowed us to rationalize the optoelectronic properties of
these materials from the perspective of atomistic mod-
elling. In addition, we have shown that the predictive
power of computational modelling can be directed at de-
signing new lead-free halide perovskites, which led most
notably to the computational discovery of a new fam-
ily of lead-free halide double perovskites. During the
last year more than eight novel lead-free double per-
ovskite compounds have been successfully synthesized
(Deng et al., 2016; Filip et al., 2016; McClure et al., 2016;
Slavney et al., 2016; Tran et al., 2017; Volonakis et al.,
2016, 2017a; Wei et al., 2016, 2017). Among these, com-
pounds such as Cs2AgBiCl6, Cs2AgBiBr6, Cs2InAgCl6
and Cs2AgSbCl6, were first proposed by us in silico.
Despite the tremendous popularity of halide perovskites,
there are still fundamental open questions and tech-
17
nological challenges that remain unresolved. A non-
exhaustive list includes the fundamental understanding
of charge transport and excitonic properties, elucidating
the physics of defects and their impact on the degrada-
tion of these materials under standard solar cell oper-
ating conditions, and developing a practical solution for
reducing the Pb content without impacting the device
performance. All of these problems are currently active
areas for both experimental and theoretical research.
In a broader context, the rapid rise of hybrid halide per-
ovskites can be seen as a true success story for experi-
mental and theoretical materials design. As the race for
ever higher performing and cost-efficient optoelectronic
devices continues, there is an increasing demand for the
discovery of new functional materials. Thanks to the
continued development of highly accurate ab initio meth-
ods, computational materials modelling can now directly
guide discovery, by designing materials and predicting
their properties in silico ahead of synthesis. These de-
velopments place ab initio modelling in a central role in
modern materials science and engineering, as an accelera-
tor for the discovery and deployment of new technologies.
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